Abstract. We present the results of modelling the 0.45-1 µm spectral energy distribution of V838 Mon for 2002 November. Synthetic spectra were calculated using the NextGen model atmospheres of Hauschildt et al. (1999) , which incorporate line lists for H2O, TiO, CrH, FeH, CO, and MgH, as well as the VALD atomic line list. Fits to the observed spectra show that, in 2002 November, the effective temperature of V838 Mon was approximately 2000 ± 100 K. Our theoretical spectra show a comparatively weak dependence on log g. Preliminary analysis of the hot star observed together with V838 Mon shows it to be a normal B3V dwarf.
Introduction
V838 Mon (also known as EQJ0704.0-0350, GSC 04822-00039, IRAS 07015-0346, USNO-A2.0 0825-03833116, AAVSO 0659-03) has been the subject of intense interest since its discovery as an eruptive variable by Brown (2002) on January 6, 2002. Two further maxima on the light curve subsequently occurred, in 2002 February Kimeswenger et al. 2002; Crause et al. 2003 ) and the optical flux in the V band increased by ∼ 9 mag. The luminosity peaked at V ≈ 7 in 2002 February. Later, a gradual decline in the V flux began which, by 2003 January, had faded by 8 mag. Henden et al. (2002) reported the presence of a light echo, subsequently studied in detail by Bond et al. (2003) and Crause et al. (2005) . The reflecting dust may be interstellar or may have originated in the envelope of V838 Mon and ejected in the past (van Loon et al. 2004) . Van Loon et al. (2004) reported the discovery of the multiple dust shells around V838 Mon. Alternatively, these shells arose through heavy mass loss during the evolution of a massive progenitor (Munari et al. 2005) .
The distance to V838 Mon can be estimated from the evolution of the light echo .
According to works based on Hubble Space Telescope
Send offprint requests to: Ya. V. Pavlenko Correspondence to: yp@mao.kiev.ua data, its distance is > 6 kpc (Bond et al. 2003 ), 8 ± 2 kpc (Tylenda 2004) , or as high as 12 kpc (Crause et al. 2005) . However, according to recent work based on HST data, its distance is 5.9 kpc (Sparks et al. 2006) . If these estimates are correct, then at the time of maximum brightness V838 Mon was the most luminous star in the Galaxy.
The cause of the eruption of V838 Mon and the nature of its progenitor are unclear. The integrated colors of the progenitor looked that of an unreddened F-type star . Desidera & Munari (2002) discovered spectroscopically a hot companion to the outbursting star, later confirmed by Wagner et al. (2002) , and classified as a B3V star by Munari et al. (2005) .
The spectral, photometric, and polarimetric evolution of V838 Mon has been described in several studies Kimeswenger et al. 2002; Kolev et al. 2002; Wisniewski et al. 2003; Osiwa la et al. 2003; Crause et al. 2003; Kipper et al. 2004; Rushton et al. 2005b) . By mid-April 2002, bands of TiO had appeared in the spectrum and by May, the spectrum had evolved to a "very cold" M giant (Banerjee & Ashok 2002) . Its infrared spectrum in 2002 October was characterized as an "L-supergiant" by Evans et al. (2003) .
The complexity and the rarity of V838 Mon optical spectrum resulted in only a few sporadic attempts to derive the star's atmospheric properties. Kipper et al. (2004) found that, for the iron group of elements, [M/H] = −0.4, while abundances of lithium and of some s-process elements are clearly enhanced. Later, Kaminsky & Pavlenko (2005) provided fits to echelle data and obtained a similar result, [Fe/H] = −0.3 ± 0.2. These results were obtained using a static LTE model and are therefore very dependent on the model atmosphere and spectrum synthesis assumptions.
In this paper we discuss fits to the spectral energy distribution of V838 Mon using data obtained in 2002 November. The observational data used in this paper are described in Section 2. Section 3 explains some of the background to our work and some details of the procedure and input parameters used. The results are discussed in Section 5.
Observations
The spectrum we consider was obtained on 2002 November 6 with the Kast spectograph on the Cassegrain focus of the Shane 3-m telescope at Lick Observatory. The resolution of the spectrum is λ/∆λ = 3, 000. The observing and data reduction processes are the same as those in Rushton et al. (2005b) and are not repeated here.
Computation of theoretical spectra
Theoretical spectral energy distributions (SEDs) were computed for model atmospheres of giants from the NextGen grid of Hauschildt et al. (1999) , with solar metallicity (Anders & Grevesse 1989) .
In our computations we used a number of model atmospheres, with T eff = 2000-2200 K and log g = 0, 0.5. Computations of the synthetic spectra were carried out using the program WITA6 (Pavlenko 2000) , assuming LTE and hydrostatic equilibrium for a one-dimensional model atmosphere without sources and sinks of energy.
The equations of ionization-dissociation equilibrium were solved for media consisting of atoms, ions, and molecules. We took into account ∼ 100 components (Pavlenko 2000) . The constants for the equations of chemical balance were taken from Tsuji (1973) . Molecular line data were taken from a variety of sources: ; and (vi) atomic line list from VALD (Kupka et al. 1999 ).
The profiles of molecular and atomic lines are determined using the Voigt function H(a, v). Their natural (C 2 ) and van der Waals broadening (C 6 ) parameters are taken from Kupka et al. (1999) or, in their absence, computed following Unsold (1955). Owing to the low temperatures in M-star atmospheres, and the consequent low electron densities, Stark broadening may be neglected; on the whole the effects of pressure broadening dominate. Computations for synthetic spectra were carried out with a step of 0.003 µm, for microturbulent velocity v t = 5 km s −1 . There are several reasons to suspect that dust might be present in the atmosphere of V838 Mon, see discussion in Banerjee & Ashok (2002) ; Evans et al. (2003) ; Rushton et al. (2005a) . However, examination of the results of preliminary runs of our models without dust show that the density of condensibles (such as X, Y, Z) at the appropriate distance is low, so that precipitation in the photosphere is extremely unlikely. Hence, we do not include dust in our models.
In addition, we do not take account of the effects on the model atmosphere of the presence of a B3 star (Munari et al. 2005) . Over the wavelength range we are modelling (6000-10 000Å), the SED is dominated by the cool star and the contribution of the B3 star is negligible. There may be irradiation effects to be taken into account if the hot component is part of a V838 Mon binary system, but we do not pursue this here. We will, however, include the effects of the B3 star to the overall SED after fitting the red end of the spectrum (see Section 4.4 below).
The relative importance of the different opacities contributing to our synthetic spectra is shown in Fig. 1. 
Results

Dependence of fits on input parameters
Changes in our input parameters, i.e. T eff , log g, [Fe/H], v t , affect the theoretical spectral distributions (see Fig. 2 ) in different ways, as follows:
(i) The response of the spectrum to changes in log g is relatively weak due to the absence of strong atomic lines with extended wings. Due to low densities in the atmosphere of V838 Mon pressure broadening cannot be significant. Saturated TiO and VO band heads show rather low sensitivity on log g. (ii) Due to the same reason, changes in the microturbulent velocity mainly affect the heads of strong molecular bands. (iii) On the other hand, changes in metallicity reduce the molecular absorption over the entire spectral region. (iv) Due to the low temperatures in the atmosphere of V838 Mon changes in the effective temperature affect the slope of the computed spectra in the region 0.6 − 1 µm. This effect can be used to determine the effective temperature of V838 Mon (see Section 4.3).
Comparison of the computed spectrum with that of V838 Mon in 2002 November suggests that the observed fluxes at λ >0.9 and λ <0.8 µm are better fitted with a slightly metal-deficient atmosphere ([Fe/H = −0.5). This is in agreement with the analysis by Kipper et al. (2004) and Kaminsky & Pavlenko (2004) . --TiO, 
Comparison with the spectrum of Kelu1 (L2)
We compare (see Fig. 1 ) the observed spectrum of V838 Mon with that of the brown dwarf Kelu1 (Leggett et al. 2002) . The L2 brown dwarf Kelu1 has approximately the same effective temperature as V838 Mon but, by definition, its log g is very much higher. There are several significant points to note: 
The effective temperature of V838 Mon in 2002
A comparison of the observed spectrum of V838 Mon with theoretical spectra computed using NextGen model atmospheres is presented in Fig. 3 , in which we use a logarithmic scale for the purpose of illustration as the observed fluxes cover several orders of magnitude. The instrumental broadening was modelled by Gaussian profiles set to the resolution of the observed spectra (FHWM = 2Å). The spectrum was dereddened by E(B − V ) = 0.87 mag (Munari et al. 2005) .
The following are worth noting:
(i) We can fit the overall slope of the spectrum in the near-IR/optical region, together with most of the spectral features. The spectrum is dominated by TiO bands, although some bands of VO are also prominent. 
The hot component in the V838 Mon spectrum
Our observed spectrum of V838 Mon shows a rise in the flux toward the blue end of the spectrum, at λ < ∼ 6500Å, which can be attributed to the presence of the "hot" star; this may be a background or foreground object, or even a member of a V838 Mon binary system (see discussion in Munari et al. 2005) . It is worth noting that all the Balmer hydrogen lines, from Hβ to the Balmer jump, are clearly seen in the observed spectrum.
We first model the contribution of the hot component by a simple Rayleigh-Jeans law F λ = const/λ 4 and normalise both fluxes to the same value at 0.67 µm. This comparatively simple procedure allows us to fit to the observed spectrum over a wide spectral range, from the blue to the near-infrared.
We next computed a set of theoretical spectra using the standard Kurucz model and WITA6, for different values of T eff and log g. A comparison of the observed spectrum of the hot companion with theoretical spectra is presented in Fig. 4 . Unfortunately, our low-resolution spectrum, with its low signal-to-noise ratio in the blue, cannot provide a reliable estimate of the atmospheric parameters (effective temperature, gravity and/or metallicity) of the hot component. From the fit to the observed spectrum we estimate T eff = 18000 − 23000 K and log g = 4.0.
From evolutionary calculation (Schaller et al. 1992 ) we find the mass of the B star; we then computed the possible range of spectral parallaxes for our hot component. We obtain M = 6 M ⊙ , d = 7.2 kpc for T eff = 18000 and M = 9 M ⊙ , d = 14.4 kpc for T eff = 23000 K, respectively, i.e only in the case of T eff < 21000 K the hot component can be a member of the V838 Mon binary system.
Discussion and conclusions
It seems that the pseudophotosphere of V838 Mon was evolving sufficiently slowly that its optical spectrum could be approximated by a sequence of classical, i.e. static model atmospheres (Kaminsky & Pavlenko 2005) ; we find that the standard computational procedures for SEDs, applied to V838 Mon, give results that are reliable enough to determine the effective temperature. It is worth noting that the presence of P Cyg profiles indicates expansion velocities up to 200 km s −1 . However the emission components of the P Cyg profiles form at the outer boundary of the envelope, well above the region where the observed continuum and absorption lines form.
There are distinct differences between the SED of V838 Mon and of late-type dwarfs with similar spectral type, which obviously arise from their differing physical nature and the input physical data. In the case of V838 Mon we have modelled its SED at an advanced stage of its evolution and find that its optical spectrum is formed by absorption of the saturated bands of VO and TiO.
We note that our models do not satisfactorily reproduce the absorption band located around 0.75 µm; this absorption cannot be identified as TiO or VO bands (see Fig. 1 ). Hypothetically, the strong band of CH 4 could be formed in a low-temperature regime at these wavelengths. This band, as well as the bands at 0.619 and 0.890 µm, are known to be present in the spectra of Jupiter and other gas giants. Possibly the band may be formed in the outermost layers of the extended envelope of V838 Mon. We plan to provide a more detailed study of the molecular features in a forthcoming paper.
Nonetheless, we have obtained a qualitatively good fit of the spectrum of V838 Mon over a wide spectral range (0.4-1 µm) with a model atmosphere having T eff = 2000 ± 100 K and C/O < 1, and a hot component consistent with Teff=18000 -23000 K and log g =4.0 ± 0.5; this agrees well with previous studies (Tylenda 2005) . The cool component is slightly better reproduced with a moderately sub-solar metallicity model.
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